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VISION IS one of the most important sensory modalities in humans. The visual reaction time (RT) is the time from the appearance of a visual stimulus to the onset of motor output and has been used to assess perceptual and cognitive abilities in athletes. Many researchers have reported that acute exercise affects RT (see Refs. 11, 16, 27 , and 38 for review). Because exercise induces several physiological changes in the central nervous system, including circulatory, metabolic, and neurohormonal effects (30) , multiple factors are likely to affect RT during exercise (11) .
Simple visual RT is the time required to detect the onset of a visual stimulus and is classified as a perceptual task. The visual field is composed of central and peripheral portions. Previous studies have shown that the simple RT or premotor component of RT to peripheral visual stimuli increases during sustained exercise at moderate to high workloads (2, 4) . These studies also indicated that acute exercise has detrimental effects on the individual's ability to respond quickly to peripheral visual stimuli. Such effects may be relevant in ball sports, in which capturing visual information from the periphery of the visual field plays a role in performance. However, the physiological mechanisms underlying the detrimental effects of exercise on visual perceptual performance have not been determined.
Because aerobic metabolism is the primary mechanism by which energy is provided to the brain, brain function and tissue integrity are dependent on a continuous oxygen supply (41) . Hypoxia is known to affect the central nervous system severely (28) . Hypoxia decreases the arterial pressure of O 2 (Pa O 2 ) and arterial saturation of O 2 (Sa O 2 ) and may compromise cerebral oxygenation (24, 32) . Earlier studies showed that hypoxia has detrimental effects on the RT to peripheral visual stimuli in the resting condition (21, 22) . These studies suggested that a decrease in cerebral oxygenation may be associated with an increase in RT. Exercise under hypoxia decreases cerebral oxygenation relative to normoxic conditions (1, 19, 36, 37) . Therefore, we expected that if cerebral oxygenation is associated with the ability to respond to peripheral visual stimuli during exercise, the detrimental effects of exercise on RT would be augmented as cerebral oxygenation decreases during exercise under hypoxia.
The purpose of this study was to test whether cerebral oxygenation affects an individual's ability to respond to peripheral visual stimuli during exercise. We hypothesized that decrease in cerebral oxygenation compromises the ability to respond to peripheral visual stimuli during exercise. This study is relevant to exercise at high altitude, which would decrease cerebral oxygenation, and has implications for visual perceptual performance during exercise.
METHODS

Participants.
Ten male participants (mean Ϯ SD: age ϭ 25.1 Ϯ 3.4 yr, height ϭ 1.78 Ϯ 0.05 m, body mass ϭ 73.8 Ϯ 8.6 kg) gave written informed consent to participate in this study. The participants did not have any history of cardiovascular, cerebrovascular, or respiratory disease. They were asked to refrain from engaging in strenuous exercise for 48 h before each experiment. Procedures were approved by the ethics committee of Osaka University of Health and Sport Sciences and were in accordance with the Declaration of Helsinki.
Experimental procedure. The experiment was performed on three nonconsecutive days. On the first day, the participants performed a maximal exercise test on a cycle ergometer (Cordless bike V60, Senoh, Tokyo, Japan) to determine the peak oxygen uptake (V O2). After a warm-up exercise at 80 W for 4 min, a maximal exercise test was started at a freely chosen cadence with a 10-W increment every minute in a stepwise manner. The maximal exercise test was stopped when V O2 reached a plateau or when the participants reached the limit of tolerance. Peak V O2 was taken as the highest V O2 attained. The mean peak V O2 was 49.1 Ϯ 5.7 ml·kg Ϫ1 ·min Ϫ1 . On the second and third days, participants performed RT tasks under either normoxia or normobaric hypoxia. The experiment was performed inside an air-conditioned compartment (ALTITUBE, YKS, Nara, Japan). We used a hypoxic control system (YHS-C10, YKS) and an air compressor (SLP-22 CO, YKS) to maintain hypoxia. In the hypoxic condition, the fraction of inspired oxygen (FI O 2 ) in the compartment was maintained at 0.16. This FIO 2 corresponds to an altitude of 2,200 m. In the normoxic condition, the FIO 2 was controlled at 0.21. In both conditions, expired air was directly exhausted outside the compartment through an air pipe. The order of hypoxic and normoxic conditions was counterbalanced across the participants, and the participants were blinded to the respective conditions. The participants performed practice blocks a few days before the second day of experiments. They completed practice blocks of 30 trials each sitting on the cycle ergometer until all RTs fell within 3 SD of the mean. These practice blocks minimized the possibility that learning effects could interfere with the effects of acute physiological changes.
At the beginning of the main experiment, the participants were exposed to each environment for 10 min. After exposure, RT was measured while the participants rested on the cycle ergometer. One minute after the RT measurement, the participants started to cycle the ergometer at 40%, 60%, and 80% peak V O2. We used the same absolute workload in both normoxic and hypoxic conditions. The pedaling rate was freely chosen by each participant. The duration of each workload was 6 min and 30 s. During exercise at each workload, RT was measured 3 min after the start of every increase in workload. RT was also measured 1 min after exercise. The experimental protocol is summarized in Fig. 1 .
RT measurement. A computer and RT measurement apparatus (Qtec, Osaka, Japan) were used to control visual stimulus presentation and record the RT of each trial. A white cross (99 cd/m 2 ) was presented on a black background (0.02 cd/m 2 ) and served as the fixation point. The participants were asked to focus on the fixation point binocularly throughout the RT measurement and were reminded of the importance of maintaining fixation. An electrooculogram (EOG) was recorded to monitor overt eye movements and eye blinks during the RT measurement. At the beginning of each trial, the white cross turned red, which served as a warning signal. After 1 s, a stimulus appeared in two-thirds of the trials. To avoid anticipatory responses, one-third of the trials did not involve visual stimuli. The visual stimulus randomly appeared at 10°to either the right or the left of the midpoint of the participant's eyes. The visual stimulus was a white filled circle, 5 mm in diameter (99 cd/m 2 ). The exposure duration of the visual stimulus was 200 ms. One block of RT measurements consisted of 60 trials, and the interval between trials was 3 s. Thus the total time for one block was 3 min (Fig. 1) .
During the RT measurements, each participant faced a computer screen with his head on a chin rest so his eyes were directly in front of, and level with, the position of the fixation point on the screen. The chin rest was located at the middle of the handlebars. The distance from the chin rest to the screen was 58 cm. The participant stabilized his head on the chin rest while the RT was measured. The participants were asked to respond to the visual stimulus appearance as quickly as possible by releasing a response button on the right handlebar with the right thumb. A surface electromyographic (EMG) activity was recorded over the extensor pollicis longus muscle of the right forearm with a low-cut filter of 5 Hz. These procedures allowed us to determine the onset of EMG activity without interference from muscle contraction during grasping of the handlebars. RT was then fractionated into premotor and motor components (premotor time and motor time) based on EMG onset (9), which was determined by a computer program combined with visual inspection. The details of the program for determining the EMG onset were described previously (5) . In brief, the EMG signal was rectified from 500 ms before to 1,000 ms after the onset of the visual stimulus. The background EMG over 500 ms before the onset of the visual stimulus was averaged. The mean background EMG was subtracted from the rectified EMG. After this, the rectified EMG was summed up over 1,000 ms after the onset of the visual stimulus, and we set this value as 100%. We tentatively defined EMG onset as the point at which the cumulative sum of the rectified EMG reached a preset threshold of 5%. We changed this threshold with a step of 0.1% on the computer display until we confirmed by visual inspection that the EMG onset was appropriate.
The premotor time represents the amount of time needed by the central nervous system to process a visual stimulus, develop motor output, and conduct a motor command to the periphery (25) . The premotor time is a valid indicator for assessing the effects of acute exercise on the central process (4, 5) . Furthermore, the effects of acute exercise on motor time were discussed in previous studies (4, 5, 13, 14) . Therefore, we used premotor time as a measure of the effect of hypoxia on RT during exercise in the present study.
Near-infrared spectroscopy measurement. Near-infrared spectroscopy (NIRS) continuously measures concentration changes in oxyhemoglobin (oxy-Hb) and deoxyhemoglobin (deoxy-Hb). Total Hb is calculated as the sum of oxy-Hb and deoxy-Hb. The principles of NIRS measurement were described previously (see e.g., Refs. 36, 39). Although NIRS does not differentiate between near-infrared light absorbed by blood in the arterial, venous, and capillary compartments, the NIRS signal in human tissue is assumed to be predominantly derived from the absorption of near-infrared light by Hb in small arterioles, capillaries, and venules (10) . Indeed, a recent study demonstrated that NIRS reliably measured the cerebral capillary oxygenation level that was estimated from arterial and jugular venous blood saturation (34) .
In the present study, the concentrations of oxy-Hb, deoxy-Hb, and total Hb were monitored with a NIRS system (BOM-L1 TRW, Omegawave, Tokyo, Japan). Hb concentrations were corrected by using an age-dependent differential path length factor (15) . A probe holder was attached at the right side of the forehead (over the right frontal cortex), and a black cloth was wrapped around the probe holder to shield it from the ambient light. The probe holder contained one light source probe and two detectors placed at 2 cm (detector 1) and 4 cm (detector 2) from the source. The source generated three wavelengths of near-infrared light (780, 810, and 830 nm). Hb concentrations were calculated with the near-infrared light received by each detector. The Hb concentrations received by detector 1 were then subtracted from those received by detector 2. This procedure allowed us to exclude the effects of near-surface blood flow (e.g., skin blood flow) on Hb concentrations in the cortical tissue. Cerebral oxygenation was expressed as oxy-Hb/total Hb ϫ 100 (expressed as a percentage).
Before RT measurement at rest, we measured Hb concentrations for 30 s as a baseline while the participants were at rest on the ergometer. Hb concentrations and cerebral oxygenation during RT measurement under normoxic and hypoxic conditions were then expressed relative to the baseline under normoxia. We used landmarks on the forehead (nasion, eyebrow, and hairline) to ensure that the probe holder was set at the same position on both experimental days.
Other measurements. Ventilatory parameters were measured with an Aeromonitor AE-300S (Minato Medical Science, Osaka, Japan). In the present study, the participants breathed through a leak-free mask with one-way nonrebreathing valve, and expired ventilation (V E) and the fraction of the expired oxygen were measured. V E and V O2 were averaged every 15 s. Pulse oximetric O2 saturation (SpO 2 ) was monitored with a pulse oximeter (OLV-3100, Nihon Kohden, Tokyo, Japan) placed on the left index finger. An electrocardiogram (ECG) was continuously recorded throughout the experiment to assess heart rate (HR). The analog outputs of the ECG, EMG, and EOG were connected to an amplifier (MEG-6100, Nihon Kohden) and digitized at a sampling rate of 1 kHz with a Powerlab analog-to-digital converter (ML785 Powerlab/8sp, A/D Instruments Japan, Tokyo, Japan). We recorded ratings of perceived exertion (RPE; 6 -20 Borg scale) (8) immediately after each RT measurement. Blood lactate concentration and body temperature were measured at rest and immediately after exercise. Capillary blood was collected from the tip of the left middle finger, and the blood lactate concentration was determined via the lactate oxidase method with an automated analyzer (Lactate Pro, Arkley, Kyoto, Japan). Body temperature was recorded from the tympanic membrane. The ambient temperature was between 21 and 23°C, and the relative humidity was Ͻ40% under both normoxia and hypoxia.
Data and statistical analysis. We defined error trials as omissions of a response, responses to trials without a stimulus, and an RT Ͻ100 ms (anticipation). We also discarded trials in which the RT deviated by Ͼ3 SD of the mean as error trials. These error trials accounted for 2.7% of all trials. In addition, we excluded trials in which overt eye movements or eyeblinks were detected. We also excluded a few correct trials in which EMG onset was not identified. These accounted for 1.0% of all trials. After these trials were excluded, the premotor time was averaged for each participant. The error rate was analyzed after arcsine transformation to avoid violating the assumption of nonnormality of distributions required by analysis of variance (ANOVA). Hb concentrations, cerebral oxygenation, V E, V O2, HR, and SpO 2 during the RT measurement were averaged for further analysis.
We performed repeated-measures ANOVA with condition (normoxia and hypoxia) and workload (rest, 40%, 60%, 80% peak V O2, and after exercise) as within-participant factors. Dunnett's post hoc test was used to compare changes from variables at rest. The GreenhouseGeisser adjustment of significance level was used when the sphericity assumption was violated. We performed paired t-tests to compare the differences between normoxia and hypoxia. The delta premotor time during exercise was expressed relative to that at rest under normoxia. The delta cerebral oxygenation during exercise was expressed relative to that during the RT measurement at rest under normoxia. Pearson's correlation coefficient test was used to analyze the relationship between the delta premotor time and delta cerebral oxygenation during exercise. All data are expressed as means Ϯ SD. The level of significance was set at 0.05. Figure 2 illustrates the premotor time at rest and during and after exercise. At rest, the premotor time under normoxia (201.0 Ϯ 27.2 ms) was almost the same as that under hypoxia (202.9 Ϯ 29.7 ms). During and after exercise, differences in the premotor time between normoxia and hypoxia failed to reach statistical significance. The premotor time was significantly longer during exercise at 80% peak V O 2 (normoxia: 214.2 Ϯ 33.0 ms, hypoxia: 221.5 Ϯ 30.1 ms) relative to rest (P Ͻ 0.01) after data from normoxia and hypoxia were combined. In the present study, differences in FI O 2 or workload did not affect the error rate, indicating that our results are not related to a speed-accuracy trade-off (31) .
RESULTS
Premotor time.
Ventilatory and other parameters. Table 1 summarizes the results of ventilatory and other parameters. V E , V O 2 , HR, and RPE increased progressively as workload increased. V E was significantly greater during (40% peak V O 2 , P Ͻ 0.05; 60% peak V O 2 , P Ͻ 0.01; 80% peak V O 2 , P Ͻ 0.001) and after (P Ͻ 0.05) exercise under hypoxia compared with exercise under normoxia. HR was significantly greater during (P Ͻ 0.01, respectively) and after (P Ͻ 0.05) exercise under hypoxia compared with exercise under normoxia. We did not find any significant difference in V O 2 or RPE between normoxia and hypoxia. Sp O 2 decreased slightly but significantly during exercise at 80% peak V O 2 relative to that at rest under normoxia (P Ͻ 0.05). Under hypoxia, Sp O 2 decreased significantly during exercise at 60% (P Ͻ 0.01) and at 80% peak V O 2 (P Ͻ 0.001) relative to that at rest. Sp O 2 was consistently lower under hypoxia than under normoxia (P Ͻ 0.001, respectively).
Blood lactate concentration increased significantly after exercise relative to that at rest (P Ͻ 0.001). However, no difference in blood lactate concentration was observed between normoxia and hypoxia at rest. After exercise, blood lactate concentration was significantly greater under hypoxia than under normoxia (P Ͻ 0.05). Body temperature also increased after exercise relative to that at rest (P Ͻ 0.001, respectively) but did not differ between normoxia and hypoxia at rest and after exercise. These results indicate that body temperature increased in a similar manner under normoxic and hypoxic conditions.
NIRS measurement. Figure 3 shows Hb concentrations during RT measurement at rest and during and after exercise. Under normoxia, oxy-Hb tended to increase during exercise at 60% peak V O 2 and decreased to resting level at 80% peak V O 2 . After exercise, oxy-Hb significantly increased relative to that at rest (P Ͻ 0.001). Under hypoxia, oxy-Hb gradually decreased during exercise; this decrease became significant at 80% peak V O 2 relative to oxy-Hb at rest (P Ͻ 0.001). We found significant differences in oxy-Hb during exercise at 60% and 80% peak V O 2 between normoxia and hypoxia (60% peak V O 2 , P Ͻ 0.01; 80% peak V O 2 , P Ͻ 0.001). Under normoxia, deoxy-Hb did not change during or after exercise relative to that at rest. In contrast, deoxy-Hb progressively increased during exercise under hypoxia. Deoxy-Hb during exercise at 60% and 80% peak V O 2 was significantly greater relative to that at rest (60% peak V O 2 , P Ͻ 0.05; 80% peak V O 2 , P Ͻ 0.001). After exercise, deoxy-Hb decreased to the resting level under hypoxia. We found significant differences in deoxy-Hb during exercise between normoxia and hypoxia (40% peak V O 2 , P Ͻ 0.01; 60% peak V O 2 , P Ͻ 0.001; 80% peak V O 2 , P Ͻ 0.001). Total Hb was not affected by exercise and differences in FI O 2 . Figure 4 depicts cerebral oxygenation under normoxia and hypoxia. Under normoxia, cerebral oxygenation increased significantly during exercise at 60% peak V O 2 (P Ͻ 0.05) relative to that at rest. Cerebral oxygenation then decreased to the resting level at 80% peak V O 2 . After exercise, cerebral oxygenation increased significantly relative to that at rest (P Ͻ 0.01). Under hypoxia, cerebral oxygenation decreased significantly during exercise at 60% peak V O 2 (P Ͻ 0.05) and 80% peak V O 2 (P Ͻ 0.001) relative to that at rest. After exercise, cerebral oxygenation recovered to the resting level. We did not find any difference in cerebral oxygenation at rest between normoxia and hypoxia. Cerebral oxygenation was consistently lower during and after exercise under hypoxia relative to that under normoxia (40% peak V O 2 , P Ͻ 0.001; 60% peak V O 2 , P Ͻ 0.001; 80% peak V O 2 , P Ͻ 0.001; after exercise, P Ͻ 0.01).
Relationship between delta premotor time and delta cerebral oxygenation during exercise. Figure 5 represents the relationship between delta premotor time and delta cerebral oxygenation during exercise. We found a negative correlation between delta premotor time and delta cerebral oxygenation during exercise (r 2 ϭ 0.89, P Ͻ 0.01). This result indicates that premotor time increased during exercise as cerebral oxygenation decreased.
DISCUSSION
In the present study, the increase in premotor time during exercise was correlated with decrease in cerebral oxygenation. This suggests that the increase in premotor time during exercise is associated with decrease in cerebral oxygenation, which supports our hypothesis that decrease in cerebral oxygenation compromises the ability to respond to peripheral visual stimuli during exercise. It is likely that cerebral oxygenation plays a key role in the ability to respond to peripheral visual stimuli during exercise.
Premotor time at rest. We observed no difference in premotor time at rest under normoxic versus hypoxic conditions. This result means that mild hypoxia per se did not affect the ability to respond to peripheral visual stimuli at rest without exercise. Despite a drop in Sp O 2 under hypoxia, no difference in cerebral oxygenation at rest was observed in normoxic versus hypoxic conditions. This lack of difference in cerebral oxygenation may be due to a compensatory increase in cerebral blood flow (19, 24) to maintain oxygen delivery to the brain under hypoxia. The lack of a difference in cerebral oxygenation between normoxia and hypoxia would account for the negligible effect of hypoxia on visual perceptual performance at rest in the present study.
The present result at rest, however, is not consistent with earlier studies that reported an increase in the RT to peripheral visual stimuli at rest under hypoxia (21, 22) . The discrepancy may arise from a few differences between the earlier studies and the present study. First, in studies by Kobrick Values are means Ϯ SD. V E, expired ventilation; V O2, oxygen uptake; HR, heart rate; RPE, rating of perceived exertion; SpO 2 , pulse oximetric O2 saturation; N, normoxia; H, hypoxia. Blood lactate concentration and body temperature were measured immediately after exercise. Postexercise measurement was initiated 1 min after exercise with a duration of 3 min.
a P Ͻ 0.05, b P Ͻ 0.01, c P Ͻ 0.001 vs. value at rest; d P Ͻ 0.05, e P Ͻ 0.01, f P Ͻ 0.001 vs. value under normoxia.
cerebral oxygenation decreased at rest under hypoxia (32, 37) when FI O 2 was reduced to the level that corresponds to FI O 2 in the studies by Kobrick and Dusek. Thus, although cerebral oxygenation was not reported in the studies by Kobrick and Dusek, we can assume that cerebral oxygenation decreased at rest under hypoxia in these studies. Decrease in cerebral oxygenation under hypoxia is primarily due to decrease in oxygen availability (37) . It can be speculated that decrease in oxygen availability at lower FI O 2 could compromise the ability to respond to peripheral visual stimuli in the studies by Kobrick and Dusek. Second, peripheral visual stimuli were evenly distributed throughout the visual field with four different eccentricities (12°, 38°, 64°, and 90°) in the studies by Kobrick and Dusek, whereas peripheral visual stimuli were presented at 10°to either the right or the left of the midpoint of the participant's eyes in the present study. It has been reported that RT to peripheral visual stimuli increases as retinal eccentricity increases (3, 6, 33) . The gradual increase in RT to peripheral visual stimuli is presumably related to the gradual decrease in cone density of the peripheral retina (12) and cortical magnification (40) . Given that the number of retinal cones and visual cortical neurons decreases gradually as retinal eccentricity increases, detrimental effects of hypoxia on visual perception might be exaggerated in the periphery of the visual field. Therefore, another possible explanation for the discrepancy between the studies may be the differences in locations where peripheral visual stimuli were presented. Future studies are needed to elucidate these points.
Premotor time during and after exercise. The premotor time to peripheral visual stimuli increased significantly during exercise at 80% peak V O 2 relative to that at rest. This result is consistent with previous studies showing that the RT or premotor time to peripheral visual stimuli increased during exercise at high workloads under normoxia (2, 5) . However, the physiological mechanisms that are responsible for the detrimental effects remain to be elucidated. In the present study, we demonstrated that the premotor time to peripheral visual stimuli increased during exercise as cerebral oxygenation decreased. The increase in premotor time suggests that the decrease in cerebral oxygenation attenuated neuronal output, thus preventing the individual from responding to peripheral visual stimuli as quickly as otherwise possible. Cerebral oxygenation reflects the balance between oxygen availability and utilization (10) . Therefore, one possible explanation for the increase in premotor time during exercise, which was accompanied by decrease in cerebral oxygenation, is that oxygen availability was insufficient to meet the metabolic demand in the brain areas involved in the response to peripheral visual stimuli.
When the brain is activated, an increase in cerebral oxygen supply is required to match the enhanced neuronal metabolism (35) . Cerebral oxygenation during exercise is dependent on the cardiovascular and pulmonary systems (23) . Under normoxia, cerebral oxygenation increased gradually during exercise at 40% and 60% peak V O 2 . This is probably due to an increase in cerebral perfusion during low to moderate submaximal exercise (see, e.g., Refs. 18, 19) . In contrast, cerebral oxygenation dropped to the resting level during exercise at 80% peak V O 2 . Pronounced hyperventilation induced by strenuous exercise lowers the arterial pressure of carbon dioxide and causes constriction of the arterioles in the brain (29) . Furthermore, arterial desaturation leads to decrease in oxygen availability. Therefore, decrease in cerebral oxygenation during strenuous exercise may be due to hyperventilation-induced vasoconstriction and a decrease in Sa O 2 (7, 35) . Indeed, Sp O 2 slightly but significantly decreased during exercise at 80% peak V O 2 relative to that at rest under normoxia. Because blood lactate concentration and body temperature increased significantly after exercise, it is possible that acid-and temperature-induced shifts in oxygen dissociation (26) contributed, at least in part, to the observed decrease in Sp O 2 .
We observed a progressive decrease in cerebral oxygenation during exercise under hypoxia due to a decrease in oxy-Hb and a reciprocal increase in deoxy-Hb. The decrease in cerebral oxygenation under hypoxia primarily reflects the decrease in oxygen availability resulting from the decrease in Sa O 2 (37) . In the present study, Sp O 2 gradually decreased during exercise under hypoxia. Hence, we can assume that the gradual decrease in oxygen availability during exercise under hypoxia contributed to the decrease in cerebral oxygenation. Furthermore, the low Pa O 2 during exercise under hypoxia may reduce cerebral capillary oxygenation and thus limit mitochondrial PO 2 and cerebral metabolism (29) . Together with the decrease in Sa O 2 , a low Pa O 2 may be responsible for the decrease in cerebral oxygenation observed during exercise under hypoxia.
After exercise, the premotor time did not differ from that at rest. This result indicates that the detrimental effects of exercise on premotor time did not persist after exercise. Under normoxia, cerebral oxygenation was significantly greater after exercise than that at rest, which is probably due to an increase in oxygen delivery because the increase was accompanied by a substantial increase in oxy-Hb. Under hypoxia, cerebral oxygenation recovered to the resting level after exercise. Thus the lack of differences in premotor time between rest and after exercise implies that transient decrease in oxygen availability has detrimental effects on the ability to respond to peripheral visual stimuli during exercise.
Perception of exertion involves integration of a variety of perceptual cues including afferent feedback from cardiovascular and pulmonary systems (see, e.g., Ref. 17) . Thus one may expect that RPE would be greater during exercise under hypoxia than under normoxia because of higher physiological demands on cardiovascular and pulmonary systems. However, we observed no differences in RPE between normoxic and hypoxic conditions. In the present study, FI O 2 was 0.16 under hypoxia and the level of hypoxia was relatively mild. The absence of differences in RPE may be ascribed to the effects of mild hypoxia on cardiovascular and pulmonary systems not being sufficient enough to influence perception of exertion during exercise. It is likely that perception of exertion changed primarily in response to exercise intensity in the present study.
Limitations. In the present study, there are several limitations inherent to NIRS measurement. First, we measured cerebral oxygenation over the right frontal cortex during exercise. Therefore, our discussion is based on the assumption that the NIRS signal measured over the frontal cortex generally reflects cerebral oxygenation in discrete brain areas. In particular, the FI O 2 level in the present study is close to the threshold below which dynamic cerebral autoregulation may be impaired (20) . Furthermore, dynamic cerebral autoregulation was impaired during exercise under hypoxia (1) . Hence, we cannot rule out the possibility that impairment of dynamic cerebral autoregulation under hypoxia affected cerebral oxygenation in discrete brain areas. Second, despite the fact that previous studies have reported good reproducibility of NIRS measurements during exercise (23, 36) , even a slight variation of the probe placement may affect the measured Hb concentrations (37) . We measured cerebral oxygenation during exercise on two separate days, and then expressed it relative to the condition at rest under normoxia. We were careful to place the probe holder at the same position on both experimental days. However, slight displacement of the probe position may affect the relative changes in cerebral oxygenation during exercise. Third, cerebral oxygenation represents the balance between oxygen availability and utilization. This means that a decrease in cerebral oxygenation during exercise under hypoxia is not solely due to a decrease in oxygen availability. Thus the observed decrease in cerebral oxygenation during exercise may be attributable, to some extent, to the increase in oxygen consumption. Taking these limitations into consideration, we must acknowledge that NIRS provides a rough estimate of cerebral oxygenation during exercise in the present study. Nevertheless, we believe that NIRS provides useful information to assess cerebral oxygenation qualitatively during exercise under normoxia and hypoxia.
In the present study, peripheral visual stimuli were presented only at 10°to either the right or the left of the midpoint of the participant's eyes. The present results may be limited to this retinal eccentricity in the peripheral visual field. This experiment would be beneficial if additional locations further from the fovea were also tested.
Summary. We examined whether cerebral oxygenation affects an individual's ability to respond to peripheral visual stimuli during exercise. The premotor component of the RT (premotor time) was used to assess the effects of exercise on the central process. The premotor time to peripheral visual stimuli increased significantly during exercise at a high workload. During exercise, the increase in premotor time was closely associated with a decrease in cerebral oxygenation, suggesting that cerebral oxygenation plays a key role in the ability to respond to peripheral visual stimuli during exercise. In the present study, the FI O 2 under hypoxia was set at 0.16, which corresponds to an altitude of 2,200 m. Thus our results suggest that exercise at high altitude, which would decrease cerebral oxygenation, has a potential to compromise visual perceptual performance.
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